Salmonellosis, a major disease of swine, is one of the most economically important of the enteric and septicemic diseases affecting young pigs up to 4 months of age. Traditionally, Salmonella choleraesuis has been considered not only the most common but also the most important of the salmonellae producing clinical disease in swine (28) . Enteric salmonellosis can also be caused by S. typhimurium, and the organism has been reported to be an endemic cause of diarrheic disease in swine (28) . While S. choleraesuis and S. typhimurium are most often associated with clinical illness in swine, other Salmonella species, including S. heidelberg, S. anatum, S. dublin, S. derby, and S. enteritidis, have been isolated (10, 21, 27) .
Distinct from yet related to clinical illness caused by Salmonella spp. is the occurrence of salmonellae in asymptomatic swine destined for slaughter. A number of Salmonella serotypes have been isolated at slaughter from the mesenteric lymph nodes of apparently healthy swine (13) . The public health implications of this Salmonella reservoir in swine are clear, since almost one-half of the serotypes were also isolated from human salmonellosis outbreaks (4) . Therefore, Salmonella serotypes in swine are of concern not only because of their disease-causing potential for swine, but also because of their public health significance for humans.
Salmonella virulence factors may contribute to the establishment of disease in a host. These factors include adhesion pili (15) , colicin (bacteriocin) production (9) , siderophore (enterobactin) production (30) , and the ability to resist the lethal effects of serum complement (19) . Also of significance is the organism's ability to resist antimicrobial agents and its ability to pass this trait on to other bacteria via R plasmids.
While much information is available about serotypes isolated from healthy swine (27) , specific virulence factors and transferable (R) plasmids from these isolates have not been characterized. Therefore, this study was undertaken to characterize the virulence factors and R plasmids of salmo-recipient-inhibiting concentrations of antibiotics. Transconjugants from matings of E. coli 13515 (donor) to Salmonella isolates (recipients) were selected on plates containing brilliant green agar (Difco) (5.8 g/100 ml) and selenite broth powder (Difco) (2.3 g/100 ml) plus a recipient (Salmonella)-inhibiting concentration of antibiotic. This selective medium suppressed the growth of E. coli while allowing Salmonella transconjugants to grow as large brown colonies after 24 h of incubation at 37°C.
Antibiotic sensitivity tests. The disk diffusion method (3) was used to test for sensitivity for nalidixic acid, polymyxin B, chloramphenicol, streptomycin, kanamycin, tetracycline, sulfisoxazole, ampicillin, and gentamicin.
Colicin tests. Colicin production was tested by overlaying chloroform-killed colonies of the test organisms with a colicin-sensitive strain of E. coli K-12 (ATCC 23559). A colicin-producing control E. coli strain (ATCC 23558) was included on each plate (6) .
HA tests. (26) .
In trial 2, matings of E. coli 13515 (donor) to 13 Salmonella isolates from healthy swine (group 1) and 10 from swine with enteritis (group 2) were handled in a similar manner except that the selector plates were made of brilliant green agar (5.8 g/100 ml) and selenite broth powder (2.3 g/100 ml) plus tetracycline (100 ,ug/ml) or gentamicin (10 jig/ml). After 18 h at 37°C, Salmonella transconjugants appeared as large brown colonies. Transductional passage of R plasmids was determined by inoculating recipient cells with cell-free broth cultures from the donor strains and processing as described above (26) .
In trial 3, the transconjugant that resulted from the conjugation of Salmonella sp. strain [1] [2] [3] and E. coli 13515 (designated 1-3 x 13515) was mated to E. coli 1932, E. coli LM-835, and S. typhimurium 475 as described above. Selector plates were made of MacConkey agar containing nalidixic acid (30 ,ug/ml) plus gentamicin (10 ,ug/ml), tetracycline (100 ,ug/ml), or streptomycin (25 ,ug/ml serologically typed into 14 different serotypes. Antibiotic resistance patterns showed that all 19 isolates were resistant to sulfisoxazole, 4 were resistant to tetracycline and sulfisoxazole, and 1 was resistant to streptomycin, sulfisoxazole, and tetracycline (Table 1) .
Salmonella spp. isolated from swine with enteritis (group 2) were serologically typed into S. choleraesuis subsp. kunzendorf(19 isolates) and S. muenchen (1 isolate). Twelve isolates were resistant to ampicillin, tetracycline, streptomycin, and sulfisoxazole; 4 isolates were resistant to streptomycin and sulfisoxazole; 3 isolates were resistant to ampicillin, streptomycin, and sulfisoxazole; and 1 isolate was resistant to ampicillin, streptomycin, sulfisoxazole, tetracycline, chloramphenicol, and kanamycin (Table 2) .
Colicin, HA, and serum resistance tests. Colicin production was observed in one isolate (no. 1-11) from group 1 and none from group 2. Mannose-sensitive (MS) HA of erythrocytes was observed in 63.2% (12 of 19) of the isolates in group 1 (1, 3, 4, 8 to 10, 12 to 14, and 16 to 18). In group 2, 90% (18 of 20) were MS positive (isolates 7 and 16 were negative). The percentage of MS positives in group 2 (90%) was significantly larger (Z = 1.99, P < 0.05) than the percentage of positives in group 1 (63.2%). All Salmonella isolates from groups 1 and 2 were resistant to the lethal activity of pig and rabbit serum. Recipient E. coli strains 1932 and LM-835 were sensitive to the action of pig and rabbit serum. Transconjugants resulting from the matings of 1932 and LM-835 to the Salmonella donors were also sensitive to the action of both types of serum. Recipient S. typhimurium 475 was resistant to the action of serum; therefore, passage of serum resistance from donors to recipient 475 could not be determined.
Mating frequencies and antibiotic profiles of transconjugants. In trial 1, one isolate from group 1 (no. 1-4) mated with the recipient organisms. All isolates from group 2 mated with at least one of the three recipients. Results of these matings, showing mating frequencies and antibiotic resistance markers transferred, are shown in Table 3 .
The data for the mating frequencies of group 2 were analyzed by a two-factor analysis of variance. Mating temperature (factor 1) was not significant (F = 0.11, df = 1/114) and recipient (factor 2) was highly significant (F = 12.28, df = 2/114, P < 0.001). The mean frequencies of mating of the recipients were compared by Tukey's test (Table 4) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and no matings with group 2. All successful matings occurred at 25°C but not 37°C, and all involved transfer of the antibiotic markers for streptomycin, tetracycline, kanamycin, and gentamicin resistance. Donor E. coli 13515 was resistant to ampicillin, streptomycin, sulfisoxazole, tetracycline, polymyxin B, kanamycin, and gentamicin and susceptible to the action of nalidixic acid and chloramphenicol (Table 5 ).
An analysis of the mating frequencies of group 1 as recipients showed that significant (F = 477.2, df = 7/oo, P < 0.001) differences existed between the serotypes (Table 5) . A Tukey's test to locate these differences demonstrated a stepwise effect of significant differences. Only isolate 1-18 had a mating frequency significantly smaller than the other serotypes. Figures 1 and 2 show plasmid screens of matings between salmonellae and recipients ( Fig.  1 ) and E. coli 13515 and recipient salmonellae (Fig. 2) . In group 2, 7 of 20 (35%) produced enterobactin, with 1 of 20 (5%) producing wide and 6 of 20 (30%) producing small zones. Thirteen of 20 filtrates (65%) did not produce detectable enterobactin. Group 2 filtrate 2-4 produced wide zones, and small zones were produced by 2-2, 2-3, 2-5, 2-10, 2-12, and 2-15. No enterobactin was detected from filtrates 2-1, 2-6, 2-7, 2-8, 2-9, 2-11, 2-13, 2-14, 2-16, 2-17, 2-18, 2-19, or 2-20.
A Z test of proportions comparing 78.9% with 35% established that these percentages were significantly different (Z = 2.76, P = 0.006).
DISCUSSION
Virulence factors and R plasmids of Salmonella spp. isolated from healthy (group 1) and ill (group 2) swine were studied to determine their potential public health significance. The parameters studied included serotypes of isolates; antibiotic resistance profiles; colicin and enterobactin production; ability to hemagglutinate erythrocytes; ability to resist serum complement; presence of plasmids; and the ability to transfer R plasmids to other recipient organisms.
Apparently healthy swine harbor a wide variety of Salmonella serotypes (13, 27) . Of the 12 most common serotypes found in swine in the United States, 5 are among the 12 most common types in humans (4) . These serotypes, which were isolated from group 1, included S. heidelberg, S. typhimurium, S. infantis, S. agona, and S. montevideo. The predominant serotype isolated from ill swine was S. choleraesuis subsp. kunzendorf, which is of low incidence in human salmonellosis (4) .
Colicin was produced by one isolate from group 1 and none from group 2. This closely approximates previously reported figures of 2% (22) and 10% (9) production of colicin in Salmonella spp. Colicin production by Salmonella spp. in the intestinal tract results in suppression of resident flora and increased growth of Salmonella organisms (9) . In systemic infections, colicins may confer on their host salmonellae a greater ability to survive in the blood, peritoneal fluid, and alimentary tract of the infected animal (7) . In addition, colicinogeny may occur in association with drug resistance and is often cotransferable with drug resistance plasmids (9, 22) .
All the Salmonella isolates in groups 1 and 2 were resistant to the lethal effects of pig serum, but the phenotype was not transferred to a serum-sensitive E. coli recipient. Serum is normally bactericidal for a wide range of both smooth and rough gram-negative bacteria by a system involving antibody, complement activation, and, possibly, other serum proteins (24) . Some smooth strains, however, are insensitive to this system, and serum resistance may contribute to the pathogenicity of the enterobacterial strains. Surface components such as capsules, 0 antigens, peptidoglycan, proteins, and pili all play a role in increasing the virulence of bacteria. In addition, certain antibiotic resistance plasmids may also encode an outer membrane protein which interacts with other bacterial surface structures in a highly specific way to provide protection against serum (18, 24) . The outer membrane protein has the potential not only to increase serum resistance, but also to increase phagocytosis resistance independently of the bacterial capsule (1) .
MS HA of erythrocytes was observed in both group 1 (63.2%) and group 2 (90%) isolates. Approximately 80% of all Salmonella isolates exhibit MS activity; that is, they to intestine and to both human buccal and rat urinary tract epithelial cells and therefore play a significant role in intestinal colonization and in urinary tract infections (6, 14 (30) .
Plasmids were observed in a greater number of isolates from group 2 than those from group 1. In mating studies, the Salmonella isolates from group 2 acted as donors of R plasmids to other enteric bacteria at a greater rate than those from group 1. From 51 to 85% of Salmonella species isolated from swine may contain conjugative R plasmids, and they most commonly encode resistance to tetracycline, streptomycin, and sulfonamides (11, 25) . In this study, the most common R plasmid in the Salmonella isolates encoded resistance to streptomycin and sulfonamides by a lowmolecular-weight plasmid. In further studies, the isolates in group 1 acted as recipient bacteria to an E. coli swine isolate at a greater frequency than those from group 2. A transconjugant resulting from the mating of the E. coli swine isolate with a group 1 Salmonella isolate was able to pass R plasmids to both E. coli and Salmonella recipient bacteria.
Enteropathogenic E. coli strains routinely harbor many distinct virulence plasmids that may encode a variety of phenotypes, such as enterotoxin production, colonization antigens, colicin synthesis, and hemolysin production (7) . The genes involved are usually found on separate plasmids, but several large conjugative plasmids encoding both toxin production and antibiotic resistance have been reported and probably arose by recombination between an enterotoxin plasmid (ENT) and an R plasmid or by transpositional events (7) . The occurrence of enterotoxin-drug resistance plasmids may be important in increasing the number of enterotoxigenic E. coli in environments where antibiotics are used as feed additives or in therapy.
One-half of all antibiotics produced in the United States are fed to food-producing animals in subtherapeutic doses as a feed supplement (8) . The use of these antibiotics disrupts the normal flora of the intestine, resulting in an increase in and emergence of antibiotic-resistant Salmonella strains and prolonged fecal shedding of these organisms into the environment (23) . Most of the antibiotic-resistant Salmonella spp. that infect humans are of animal origin (23) . The fatality rate for people infected with drug-resistant Salmonella strains is 21 times greater than for individuals infected with non-antibiotic-resistant Salmonella strains (23) .
The demonstration that E. coli and Salmonella isolates act as both donor and recipient organisms in the transfer of antibiotic resistance is of public health importance. Large numbers of salmonellae are required to produce food poisoning, usually resulting from the growth of the organism in food. In turn, this indicates that the environmental conditions under which food is processed and stored are of paramount importance. Temperatures which permit the multiplication of contaminating salmonellae would also permit the transfer of antibiotic resistance between and among E. coli and salmonellae.
The rigorous antemortem inspection standards of the Food Safety and Inspection Service of the U.S. Department of Agriculture make it unlikely that swine with clinical signs of salmonellosis would enter the human food chain (13) . This would indicate that swine without clinical signs of salmonellosis can introduce Salmonella strains into the human food chain. Human cases of salmonellosis are caused by serotypes isolated from healthy swine. These are serotypes whose virulence abilities are expressed by MS HA of erythrocytes, resistance to complement, enterobactin production, and lastly the ability to act as both donor and recipient in the transfer of antibiotic resistance.
